Abstract The purpose of this study was to compare the beneficial effects of galactooligosaccharide (GOS), lactulose, and a complex-oligosaccharide composed with GOS and lactulose (Com-oligo) on loperamide-induced constipation in SD rats. Rats were randomly divided into the following eight groups: the normal group (Nor); constipation control group (Con); and 6 constipation groups fed low and high doses of GOS, lactulose (Lac), and Com-oligo, respectively. Com-oligo increased intestinal transit ratio and relieved constipation in loperamide-treated rats. The group receiving a high dose of Com-oligo favorably regulated gastrointestinal functions such as pellet number, weight, moisture content, short chain fatty acid, intestinal transit ratio, and bifidobacterium number in constipated rats. In addition, Com-oligo restored peristalsis of the small intestine, morphology of colon, and increased interstitial cells of Cajal area. Thus, providing Com-oligo as an oligosaccharide ingredient in nutritional formulas could benefit the health of the gastrointestinal tract.
Introduction
Constipation is one of the most common gastrointestinal disorders and is associated with insufficient bowel movements, bowel obstruction, and the feeling of incomplete evacuation [1] . Constipation is associated with changes in diet and psychological and social factors, which can lead to chronic gastrointestinal disorders. It is necessary to apply a combination of laxatives to improve physical bowel movements [2] .
There is an increasing interest in improving gastrointestinal disorders and alleviating fecal complaints with probiotics and prebiotics which include live microbial supplements and dietary fiber, respectively [3, 4] . Recently, prebiotics have focused on gaining more benefit from probiotics. Prebiotics have several advantages over probiotics, including greater resistance to digestive enzymes, lower cost, lower risks, and relative ease of incorporation into the diet [5] . Oligosaccharides are commonly known prebiotics and powerfully affect bowel health [9] . Galactooligosaccharides (GOS) and fructooligosaccharides can effectively promote the proliferation of specific healthpromoting gut microbes [6] . Rycroft et al. [7] found that GOS and lactulose showed the most effective prebiotic activities when comparing the fermentation of commercial prebiotics. GOS refer to non-digestible oligomeric carbohydrates that are produced from lactose by b-galactosidases [8] . Many clinical studies have assessed the effect of GOS on the intestinal microbiota of infants, adults, pregnant and lactating women, intestinal bowel disease patients, and healthy adults [9, 10] .
Lactulose has been one of the most frequently used prebiotics in the improvement of gastrointestinal disorders for more than 50 years. It is resistant to hydrolysis by human small intestinal disaccharidases and hence, it reaches the colon undigested. In the colon, it is selectively metabolized by intestinal microbes, giving rise to the formation of CO 2 , hydrogen gas, and short-chain fatty acids (SCFA), causing a decrease in pH and an increase in fecal mass [11] .
An oligosaccharide Com-oligo composed of GOS and lactulose was prepared. Com-oligo is composed of 51.7% lactulose, 14.2% lactose, 15.8% galactooligosaccharides, 12.3% of a mixture of glucose and galactose, and 6.0% other ingredients [12] . It was developed as a nutraceutical material to improve bowel function. Low (10%) and high dose (15%) intake of Com-oligo showed the enhancement of gastrointestinal transit and the alleviation of constipation in loperamide-induced rats with increase of fecal excretion and decrease of fecal pellets number in our previous study [12] . However, studies on the components of Com-oligo which are responsible for this physiological activity, have been limited. Therefore, the constipation-improving effects of GOS and lactulose, which are components of Comoligo, were compared to Com-oligo in loperamide-induced constipation rats.
Materials and methods

Animals and reagents
Male Sprague-Dawley rats (160-180 g) were purchased from Central Lab. Animal Inc. (Seoul, South Korea) and were kept in a specific room free from pathogen at 21 ± 1°C with 50-55% relative humidity and lighting (12 h day/night cycles). All experiments were approved by the Korea University Animal Care Committee (KUIA-CUC-2015-102). Com-oligo was prepared using 51.7% lactulose, 14.2% lactose, 15.8% GOS, 12.3% of a mixture of glucose and galactose, and 6.0% of other ingredients, such as tagatose and epilactose by Neo Crema Co. Ltd. (South Korea). GOS (50%, w/w) and lactulose (30%, w/w) were obtained by Neo Crema Co. Ltd. Chemicals including loperamide were of reagent grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Experimental design
Rats were divided into the following 8 groups (6 rats/group): normal (Nor), control (Con; treated with loperamide, but not oligosaccharide), GOS-L (treated with loperamide and 0.6% GOS), GOS-H (treated with loperamide and 1.2% GOS), Lac-L (treated with loperamide and 4% lactulose), Lac-H (treated with loperamide and 8% lactulose), Com-L (treated with loperamide and 4% Compoligo), and Com-H (treated with loperamide and 8% Comp-oligo) groups. Com-oligo, GOS (50%, w/w), and lactulose (30%, w/w) were diluted with drinking water to the final concentrations of 4% and 8%, as a low dose and a high dose, respectively. For 4 weeks, only drinking water was supplied to the normal and control groups. Constipation was induced by injecting loperamide (4 mg/kg of body weight) twice a day (9 AM and 5 PM) for 7 days.
Measurement of fecal pellets
Fecal pellets were collected every day during 29-35 days after constipation induction. Fecal pellet number and fecal pellet weight were measured. Fecal water content was measured during 29-35 days after constipation induction. After being dried in an oven at 70°C for 24 h, the water content of the feces was determined by subtracting the dry weight from the wet one.
Intestinal transit ratio
Intestinal transit ratio was measured using the slightly modified method of Yu et al. [13] . GOS, lactulose, and Comoligo were dissolved in water before being administered orally with 1 mL of 8% charcoal. Thirty minutes after charcoal administration, the rat was sacrificed and the intestinal tract was dissected. The distance covered by the charcoal meal from the pylorus and the total length of small intestine were measured. Intestinal transit ratio was expressed as a percentage of the length of the small intestine from the pylorus to the cecum, using the following formula:
T: the intestinal tract ratio, A: total length of small intestinal tract, B: distance moved by the charcoal.
Measurement of short-chain fatty acids (SCFAs)
SCFA concentration was measured according to Demigne and Rémésy [14] . Five mL of methanol was used to extract 1 g of feces, and the extract was centrifuged at 28,0009 g for 15 min. The supernatants were filtered and analyzed by Agilent 6890 N gas chromatography system (Agilent Technologies, Santa Clara, CA, USA). Agilent 6890 N equipped with a flame ionization detector and a GC column (DB-FFAP 123-3253, 50 m 9 0.32 mm 9 0.50 lM).
Nitrogen gas was used as the carrier with a flow rate of 1.4 mL/min and a sample injection volume of 1 lL. Inlet and detector temperatures were 200°C and 240°C, respectively. Acetic acid, propionic acid, and butyric acid contents were used as standards.
Bifidobacteria counts
The effect of Com-oligo on the growth of bifidobacteria in the cecum was determined. Cecal contents (0.1 g) was suspended in 0.9 mL of sterile peptone water in decimal dilutions. Bifidobacteria were cultured using BS agar (BD Difco, Franklin Lakes, NJ, USA), a medium designed for selection of bifidobacteria [15, 16] . The diluted sterile solution (100 lL) was spread on a selective BS agar and placed in an incubator at 37°C for anaerobic incubation. After 72 h incubation, the number of colonies were counted. The cecal bifidobacterial count was expressed as log 10 [colony forming units (CFU)]/g cecal content.
Histology of the distal colon
Ten% formalin was used to fix the intestinal tissue, and, then, paraffin was used to embed the tissue. After that, the embedded tissue was sectioned into the slices of 5 lm thickness which underwent the deparaffinization with xylene and, then, rehydration. After the staining with Alcian blue, the sections were rinsed, followed by the staining with a nuclear fast red solution for 30 s and redehydration with ethanol. After that, they were dehydrated, washed, and sealed with xylene. An optical microscope (Axiovert S100, Zeiss, Oberkochen, Germany) was used to observe the Alcian blue-positive mucus layer.
Immunohistochemistry examination
Tissue Sections (5 lm thickness) were deparaffinized in xylene and rehydrated. The retrieval of antigens was then done by heating in citrate buffer solution in a microwave oven at 98°C for 20 min and then immersing in phosphate buffered saline (PBS) [17, 18] . Endogenous peroxidase was blocked by incubation with 3% H 2 O 2 for 10 min and nonspecific binding was blocked by incubation with normal goat serum for 10-15 min. The sections were then incubated with primary rabbit anti-c-kit antibodies (1:200) at 37°C for 2 h. After washing in PBS, sections were further incubated with biotin-conjugated secondary antibodies for 10 min at 37°C. The sections were subsequently incubated with streptavidin-biotinylated horseradish peroxidase for 15 min at 37°C. Slides were developed with a DAB horseradish peroxidase color development kit (ZhongShan JinQiao, Beijing, China), then the sections were counterstained with hematoxylin and mounted in neutral balsam. Tissue sections were examined under a light microscope and the number of pixels with RGB values in the dyed ICC was determined using the MATLAB program.
Area of ICC in intestine % ð Þ ¼ Number of pixels with specific RGB values= Total number of pixels Â 100
Statistical analysis
Results were expressed as mean ± standard error of the mean (SEM) and were analyzed using SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) with Duncan's multiple range test was used to compare the differences among various group. Differences were considered significant at the a = 0.05 level of significance.
Results and discussion
Fecal pellet number and fecal water content
Constipation was assessed by the number and water content of fecal pellets, to evaluate the effects of oligosaccharides in the rat loperamide-induced constipation model. The fecal pellet numbers showed a significant difference (p \ 0.05) in the Nor and Con groups after loperamideinduced constipation. The water content and weight of fecal pellets tended to increase with intake of oligosaccharide, but there was no significant difference when compared to the Con group (Table 1) . A marked decrease in fecal discharge (Table 1 ) and a delayed fecal pellet transit [ Fig. 1(A) ] in the large intestinal lumen were observed in constipation. The degree of fecal excretion was significantly influenced by the ingestion of oligosaccharides. The water content of feces increased with the intake of oligosaccharide, but no statistical significance was observed. Fecal pellet numbers and fecal water content have been used as indicators to determine constipation relief [19, 20] . The fecal weight of the oligosaccharide intake groups tended to be higher than that of the control group, in which Com-H group showed the highest. Figure 1 (A) showed the intestinal transit ratio. The intestinal transit ratio of the Con group significantly decreased to 40.1% compared to the Nor group (47.1%, p \ 0.05). The oral intake of a high dose of lactulose or GOS tended to increase the intestinal transit ratio, but there were no significant differences (p [ 0.05) compared to the controls. However, the high dose intake of Com-oligo (Com-H) increased the intestinal transit ratio compared to the Con group. Compared with the control group, intestinal transit ratio increased regardless of the type of oligosaccharide intake group. Com-H showed significant differences (p \ 0.05) between the groups, while the other samples showed no significant difference (p [ 0.05). However, GOS-H, Lac-H, and Com-L showed similar values. This result showed that Com-H is more effective than the other samples.
Effect of oligosaccharide on intestinal transit ratio
Since the intestinal tract movement reflects the overall intestinal motility, the intestinal charcoal transit ratio is important for diagnosing constipation [19] . In the Com-H group, the Intestinal transit ratio moved by charcoal was 10.7% faster than the con group, suggesting that compelxoligoscccahride could improve intestinal motility at high doses. The compelx-oligosaccahride increased intestinal motility which in turn increased colonic movement in the rats. The laxative effect of the complex-oligosaccharide may also be due to changes in intestinal motility leading to intestinal movement and increased bowel movements [21] .
Concentration of short-chain fatty acids (SCFAs)
Non-digestible carbohydrates, including prebiotics, can be fermented in the colon and enhance SCFA production by intestinal microbes. SCFAs have been associated with a reduction in intestinal disorders, including constipation [25] . Figure 1(B) shows the total SCFAs (acetic, propionic, butyric, and valeric acid) in cecum. There was a significant difference (p \ 0.05) in the total SCFAs contents of in the Com-H group from the Con group, indicating changed SCFA composition by constipation. Intake of oligosaccharides, except Com-L, tended to increase total SCFA concentration. The amount of SCFA was lower in 4% Com-oligo administration than in GOS or lactulose administration. This result is conjectured to be resulted from the difference of GOS level; Com-oligo only has 4% GOS. In general, galactose-containing oligosaccharides, namely lactulose and GOS, were ostensibly effective in production of SCFA [22] .
Figure 1(C) shows that SCFA production was in the order of acetate [ propionic acid [ butyric acid [ valeric acid. Regardless of the sample kinds, the short chain fatty acid content of the high dose group was higher than that of the low dose group, except for butyric acid. In particular, Com-H group showed a significant increase in acetic acid level compared with the control or the other groups, presenting the highest level (44.7%). In acetic acid and propionic acid contents, Com-H showed the highest level of 44.7% and 13.67%. Lac-L showed the highest level of butyric acid (7.7%) among samples. Therefore, these results show that the improved intestinal environment caused by oligosaccharide intake can be attributed to increased SCFA content in the cecum. In particular, a high dose intake of Com-oligo can be effectively used as an energy source by the bacteria in the large intestine, causing a considerable change in the gut microflora and resulting in a dominance of beneficial microorganisms over harmful bacteria. This result suggests that intestine Com-H is effective in the short chain fatty acid production.
In the last several years, SCFAs have been reported to prevent and alleviate intestinal disorders [23] . SCFAs in the cecum of constipated rats were measured after feeding GOS, lactulose, and Com-oligo (Fig. 1) . Com-oligo affected the concentrations of total SCFAs, acetic acid, propionic acid, butyric acid, and valeric acid. Particularly, Com-oligo was shown to increase the total SCFAs in which acetic acid level increased by 40% in Com-oligo. Dietary components, especially prebiotics, increase fecal mass and bacterial mass and thus have a stool bulking effect. Fermentation plays an important role in both the colon and systemic levels of SCFAs [24] . Here, the intake of oligosaccharides also increased butyric acid compared to controls (Fig. 1) . Colonic epithelial cells prefer to use butyrate as an energy source, even though there are competing substances such as glutamine and glucose. Butyrate is considered as an important nutrient that determines the metabolic activity and growth of colon cells and can be a major protective factor on intestinal disorders, although there is disagreement on these data [25] .
Effects on bifidobacteria numbers in cecal contents
Bifidobacteria are beneficial intestinal microorganisms. Bifidobacteria can alleviate constipation by breaking down sugar and lowering intestinal pH. The total number of bifidobacteria in the cecum was analyzed (Fig. 2) . The Con group given loperamide alone, showed the lowest level of bifidobacteria. GOS-H showed the highest level of bifidobacteria among all experimental groups. There was not a significant difference (p [ 0.05) in bifidobacterium number between the GOS-H and Com-H groups. Com-oligo composed with lactulose and GOS was developed for the alleviation of intestinal disorders, especially constipation. Our results investigated the effect of Com-oligo on alleviating constipation in loperamide-treated rats. Bifidobacteria are major human intestinal microflora that can contribute to human health and longevity. Among the experimental groups in this study, a high dose intake of GOS and Com-oligo resulted in the highest level Fig. 1 Effect of oligosaccharides on gastrointestinal transit ratio (A), total short chain fatty acids (B), and acetic acid, propionic acid, butyric acid, and valeric acid (C). Nor, normal group; Con, control group; GOS-L, GOS 4% treated group; GOS-H GOS, 8% treated group; Lac-L, lactulose 4% treated group; Lac-H, lactulose 8% treated group; Com-L, complex-oligo 4% treated group; Com-H, complex-oligo 8% treated group
Complex-oligosaccharide ameliorates constipation in rats 785 of bifidobacteria. The ability of GOS to affect microbial changes in the human intestine was first reported in 1993 [26] . Increases in bifidobacteria induced by GOS have been reported in many other studies [27, 28] . Changes in the mucous homogenate for hydrolysis of lactulose are used as an indicator of potential absorption and this was affected by galactose [29] . Com-oligo has both GOS and lactulose and therefore, is estimated to have the combined effect of GOS and lactulose on bifidobacteria.
Histological findings
The photomicrographs showing the effect of oligosaccharide supplementation on distal colon tissue of loperamideinduced rats are shown in Fig. 3 . After hematoxylin and eosin (H&E) staining of colonic tissues, the Nor group showed morphological features of epithelial cells with well-separated crypt and goblet cells and had a thick layer of colon tissue [ Fig. 3(A) ]. In contrast, layer decreasing and crypt shortening were evident in the rats of the Con group. However, mucosal damage was reduced in oligosaccharide-treated groups. The Con group, with only loperamide administration, showed a significantly lower thickness of colonic mucosa than the Nor group [ Fig. 3(I) , p \ 0.05]. Intake of oligosaccharides, except GOS-L, significantly inhibited the decrease of mucosal thickness induced by loperamide (p \ 0.05). Figure 4 shows the result of the staining with Alcian blue to find out the distribution and amount of mucin. It was shown that the Nor group had a very good arrangement of mucin-producing goblet cells [Picture-(A)]. Oligosaccharide intake significantly increased both the number of crypt cells and the amount of mucin compared to the Con group [Picture-(B)]. Increased crypt cell area was observed in oligosaccharide-supplemented rats compared with rats given loperamide alone [Con group, graph-(I)].
Regardless of the type of oligosaccharide, the thickness of mucosa became thicker when all samples were administered at a higher concentration than the control. Among the samples, the thickness of the sample was in the order of GOS \ Lac \ Com Oligosaccharides. Namely, Crypt cell regeneration and colon mucosal restoration were significantly increased in the Com-H groups compared to the Con group. These results prove that Com-H inhibits the destruction of the epithelial crypt and inflammation of the colon effectively. As shown in the results, GOS and Lac also increased the colon mucosal restoration compared to the control group, and the synergistic effect of the Com sample of mixed with the GOS and Lac at a certain ratio was shown.
In H&E and Alcian blue staining of colonic tissues (Figs. 3, 4) , crypt shortening and mucin depletion were detected moderately in the constipation group (Con). This decrease in epithelial mucus seems to have been caused by the decrease in the thickness of the lumen mucus layer and the amount of lumen mucus by loperamide [30] . Crypt cell regeneration and intestinal mucosal recovery were significantly increased in the Com-oligo groups compared to the control group (Figs. 3, 4) . Perhaps Com-oligo increases crypt thickness and cell density by providing SCFAs as an energy source, resulting in improved intestinal tract health compared with controls.
Immunohistochemistry findings
ICC are a group of cells in the gastrointestinal tract that play an important role in regulating intestinal motility. ICC are present in all layers of the colon [31] . In the normal group, c-kit-positive immunoreactive structures are shown in brown (Fig. 5) . ICC area was measured by the intensity of the photomicrographs using the MATLAB program. ICC area decreased and was reduced in each layer in the Con group compared with the Nor and oligosaccharidesupplemented (GOS, Lac, and Com-oligo) groups [ Fig. 5(I) ]. Interestingly, ICC area was significantly increased in the oligosaccharide-supplemented groups, except for Lac-L (p \ 0.05). In particular, a high dose intake of Com-oligo resulted in the largest ICC area.
More recently, the role of ICC in intestinal motility have become increasingly known. The significant reduction in ICC of colonic specimens with constipation would be expected to disrupt normal colonic motility [32] . The disruption of the ICC network in patients results in slowtransit constipation and acquired megacolon [33] . The results showed a significant decrease in ICC quantified by immunohistochemical techniques. Oligosaccharides, especially Com-oligo, may improve the ICC network, but their mechanism remains unclear.
In conclusion, this study shows that Com-oligo plays an important role in facilitating the intestinal transit and relieving the constipation in loperamide-induced rats. The high dose of Com-oligo was found to favorably regulate gastrointestinal functions by modifying pellet number, SCFAs and bifidobacteria number in the constipated rats. In addition, Com-oligo restored peristalsis of the small intestinal and morphology of the colon and increased ICC area. These results have demonstrated for the first time that Com-oligo, a mixture of GOS and lactulose, is a potential therapeutic material for the constipation prevention.
